ECs are equipped with numerous mechanoreceptors capable of responding to shear stress, including caveolae, ion channels, integrins, receptor tyrosine kinases, the apical glycocalyx, primary cilia, heterotrimeric G proteins, and intercellular
A rteriogenesis, the outward remodeling of preexisting collateral arteries, is critical for recovery and restoration of blood supply to ischemic tissue after occlusion of a vessel. Arteriole-arteriole anastomoses, termed collaterals, act as a natural bypass mechanism to maintain blood supply to downstream tissue even when major arteries, such as the femoral artery, become blocked. 1 Blood flow through collateral arteries in a healthy animal is negligible; however, after an occlusion, the steep pressure gradient between the preocclusive and postocclusive regions of the vessel causes blood to rush into preexisting collaterals and induces outward remodeling of the vessel. Outward remodeling of preexisting collaterals is driven primarily by the sudden spike in hemodynamic forces, especially shear stress, resulting from the increase in flow through collaterals. 2 Changes in hemodynamic forces are sensed by endothelial cells (ECs), [3] [4] [5] which initiate signal transduction pathways that induce cell proliferation and inflammation, including the upregulation of cell adhesion molecules on ECs and leukocyte accumulation in the vessel wall. 9 The adaptor protein Shc mediates signaling cascades downstream of a multitude of receptor tyrosine kinases for various growth factors, cytokines, hormones, and, recently, mechanical force. 10, 11 Global knockout of the Shc1 gene in mice causes embryonic lethality at embryonic day 11.5 as a result of defects in embryonic heart development. 12, 13 Conditional knockout mice in which Shc was deleted from ECs displayed a defect in postnatal angiogenesis. 14 Using an in vitro shear stress system that models the sudden increase in hemodynamic forces in collaterals immediately after femoral artery ligation, we previously demonstrated that the onset of shear stress activates Shc and induces its association with components of the mechanosensory complex (VE-cadherin and VE growth factor receptor-2), as well as integrins. 15 Here, we hypothesize that endothelial Shc is required for shear stressdriven arteriogenesis and blood flow recovery in response to femoral artery ligation. Our data show impaired plantar perfusion recovery in Shc flox/flox; Tie2-Cre mice, which was dependent on Shc expression in ECs but not hematopoietic cells. Furthermore, we demonstrate that Shc is required for activation of the nuclear factor-κ-light-chain-enhancer of activated B-cell (NF-κB) pathway and downstream inflammation in collateral arteries. Surprisingly, Shc also is required for shear stress-induced activation of the Notch pathway and downstream expression of the arterial EC marker ephrinB2 through a mechanism that involves upregulation of Notch ligands delta-like 1 (Dll-1) and Dll-4.
Methods
The detailed materials and methods are described in the online-only Data Supplement.
Results

Shc Is Required for Plantar Perfusion Recovery After Hindlimb Ischemia
To determine the role of endothelial Shc in perfusion recovery after ischemia, Shc flox/flox; Tie2-Cre and Shc flox/flox littermates were subjected to hindlimb ischemia by ligation of the femoral artery, which triggers shear stress-mediated adaptive remodeling of preexisting collaterals from the deep femoral artery. Blood perfusion of hind paws (plantar) was noninvasively measured using laser Doppler imaging before surgery (pre), immediately after surgery (acute), and at various time points throughout the 3-week recovery period after surgery ( Figure 1A ). Plantar perfusion was quantified from the Doppler images and normalized to the sham control side of the same animal to determine the percentage of perfusion of the ligated hindlimb compared with the unligated sham hindlimb. Strikingly, Shc flox/flox; Tie2-Cre mice displayed attenuated perfusion recovery as early as 5 days postsurgery ( Figure 1B) . The defect in perfusion recovery was exacerbated at each time point until day 21, when Shc flox/flox; Tie2-Cre mice showed a 40% reduction in plantar perfusion when compared with Shc flox/flox controls. Importantly, in wild-type mice, femoral artery ligation induced rapid Shc phosphorylation in ECs that line preexisting collateral arteries ( Figure 1C ; Online Figure I ), indicating that endothelial Shc is activated in this model. These data demonstrate that Shc is activated in ECs during collateral remodeling and that Shc is required for perfusion recovery after hindlimb ischemia.
Shc Is Required for Collateral Remodeling
Plantar perfusion recovery after femoral artery ligation requires 2 EC-dependent vascular processes: arteriogenesis and angiogenesis. 2, 16 Ligation of the femoral artery causes a sudden increase in blood flow and hemodynamic force through preexisting collateral arteries in the gracilis muscles, causing flow-induced outward vascular remodeling, therefore allowing more blood to be carried by the collateral artery. Simultaneously, ischemia in tissues distal to the ligation, such as the gastrocnemius muscle, induces angiogenesis to increase vascular density and blood perfusion. To test whether Shc is required for arteriogenesis and angiogenesis, we examined the gracilis and gastrocnemius muscles before and 3 weeks after ligation. At day 21 after ligation, the collaterals in Shc flox/flox; Tie2-Cre mice were ≈30% smaller than those of control Shc flox/flox littermates, indicating defective arteriogenesis ( Figure 1D ). Importantly, no difference existed between the 2 genotypes in basal gracilis collateral size or vascular architecture of the gracilis muscle in unligated animals (Online Figure II) . Similarly, induction of angiogenesis in the ischemic gastrocnemius muscle was defective in Shc flox/flox; Tie2-Cre mice at day 21. Capillary density increased by ≈50% in control Shc flox/flox mice, whereas Shc flox/flox; Tie2-Cre mice were refractory to induction of angiogenesis (Online Figure III) . Because arteriogenesis and collateral remodeling are the largest contributors to perfusion recovery, 17 we focused our attention on the role of Shc in collateral growth. Together, these data indicate that Shc is required for EC proliferation and inflammation during collateral remodeling, both of which are critical for recovery from hindlimb ischemia.
Shc Is Required for
Shc Expression in ECs, but Not Hematopoietic Cells, Is Required for Plantar Perfusion Recovery, Arteriogenesis, and Leukocyte Adhesion
The Tie2 promoter used to drive Cre expression in these experiments is expressed primarily in ECs and in a significant portion of bone marrow (BM)-derived hematopoietic cells. 19, 20 To determine whether Shc in ECs or hematopoietic cells determines perfusion recovery, we performed BM transplants. Figure 3C ). These results suggest that Shc expressed in ECs, but not hematopoietic cells, determines arteriogenesis and plantar perfusion recovery.
To specifically test whether Shc expression in ECs and leukocytes is required for shear stress-induced leukocyte adhesion to the endothelium, we performed in vitro leukocyte adhesion assays. ECs isolated from Shc flox/flox or Shc flox/ flox; Tie2-Cre mice were subjected to inflammatory shear stress to induce cell adhesion molecule expression and adhesion of monocytic cells (THP-1 cells) that express shRNA against Shc or a nonspecific target was assayed ( Figure 3D ). As expected, shear stress induced a 3-fold increase in shNS monocytic cell adhesion to Shc flox/flox ECs. Interestingly, Shc flox/flox ECs incubated with shShc monocytic cells exhibited a similar 3-fold induction, whereas no induction of adhesion was observed in Shc flox/flox; Tie2-Cre ECs incubated with either shNS or shShc THP-1 cells ( Figure 3D ). Together, these in vitro data show that Shc expressed in ECs, but not hematopoietic cells, is required to support shear stress-induced monocytic cell adhesion. Importantly, activation of the NF-κB pathway is required for this response because adhesion to the endothelium was blocked when performed in the presence of compound A, a specific inhibitor of IκB kinase-β 21 (Online Figure VI) .
Notch-Dependent Collateral EC Arterial Specification Requires Shc
The EC phenotype is plastic and heterogeneous throughout the vascular tree, and the expression of arterial-specific and venous-specific genes is the consequence of local hemodynamic cues that may regulate vessel remodeling. 22, 23 Because ECs in collaterals quickly change from a lowflow environment to a high-shear-stress environment after femoral artery ligation, 24, 25 we hypothesized that collateral ECs adopt an arterial identity to suit the new arteriallike blood flow environment. To test this, we stained collateral tissue sections for a marker of arterial ECs, ephrinB2. 26 EphrinB2 expression was upregulated in Shc flox/flox collateral ECs within 1 to 3 days after ligation; however, ephrinB2 upregulation was attenuated in Shc flox/flox; Tie2-Cre mice, suggesting that Shc is required for arterial specification of ECs in response to changes in the hemodynamic environment in collaterals ( Figure 4A ; Online Figure IV) . Because ephrinB2 is transcriptionally regulated by the Notch transcription factor, 27 we next examined activation of Notch in collaterals. In control ECs in collateral arteries experience several mechanical and chemical stimuli simultaneously during arteriogenesis, making it difficult to delineate the exact role of Shc during collateral remodeling. Therefore, we tested the role of Shc in shear stress-induced Notch activation and ephrinB2 upregulation using our in vitro system. The onset of shear stress induced expression of the Notch target genes ephrinB2, HES-1, and Deltex-1 in ECs isolated from Shc flox/flox mice. In contrast, shear stress-induced upregulation of Notch target genes was impaired in Shc knockout cells ( Figure 4D) . Importantly, shear stress-induced expression of Notch target genes was impaired in wild-type ECs treated with the γ-secretase inhibitor DAPT (Online Figure VII) , indicating that shear stress-induced expression of these genes is Notch-dependent. 
Discussion
Restoration of blood flow to ischemic tissue downstream of an occlusion is a highly complex process requiring activation of several signaling pathways to induce simultaneous angiogenesis and arteriogenesis. Here, we show that the adaptor protein Shc is instrumental in orchestrating EC signaling during postischemic neovascularization after ligation of the femoral artery. Shc flox/flox; Tie2-Cre mice in which Shc was removed from ECs displayed a marked reduction in restoration of blood flow after femoral artery ligation. Histological analyses revealed defects in arteriogenesis because of impaired collateral remodeling. Mechanistically, Shc mediates vessel inflammation and activation of the transcription factor NF-κB as well as proliferation, both of which are critical for arteriogenesis. Unexpectedly, Shc is also required for arterial specification of the remodeling collateral arterioles by mediating shear stress-induced upregulation of Notch ligands and downstream activation of the Notch pathway, including upregulation of the arterial EC marker ephrinB2 ( Figure 4G ).
The Notch pathway is critical for embryogenesis 28 and development of the cardiovascular system, 29, 30 but its role in adult physiology is less well-defined. Mice heterozygous for Notch-1 or the Notch ligand Dll-1 exhibit reduced plantar perfusion recovery after femoral artery ligation because of attenuated collateral remodeling, similar to the phenotype observed in Shc flox/flox; Tie2-Cre mice. 31, 32 Similarly, the inhibition of Dll-4 delayed plantar perfusion recovery after femoral artery ligation because of disorganized, lowperfused angiogenic sprouting in the ischemic capillary network. 34 Although the deletion of Shc does not affect basal collateral vessel organization, it is required for Dll-4 expression during collateral remodeling and in response to the onset of shear stress in vitro. Previous studies suggested that the Notch pathway is activated downstream of vascular endothelial growth factor, which is produced by ischemic tissue and drives angiogenesis. Here, we introduce an alternative model in which shear stress directly activates the Notch pathway in preexisting collateral arterioles and results in upregulation of Notch target genes during arteriogenic remodeling and ECs in culture. We show that activation of the Notch pathway by shear stress requires Shc, which mediates signal transduction downstream of the mechanosensory complex of platelet endothelial cell adhesion molecule-1, VE-cadherin, vascular endothelial growth factor receptor-2, and integrins. 15 Shear stress-induced activation of the Notch pathway facilitates arterial specification of collateral ECs as they remodel into high-flow-carrying arterioles. The mechanism to explain how Notch is activated by shear stress is currently not well-understood, although our work and work of others suggest that shear stress induces the expression of Notch ligands, Dll-1 and Dll-4, which in turn activate Notch in trans it through the canonical pathway. Similarly, it remains unclear whether arterial specification of ECs in remodeling arterioles is required for, or is merely a consequence of, the remodeling process. EC-specific knockout of the arterial EC marker ephrinB2 is embryoniclethal, 33 precluding any experiments to address this question in the adult mouse.
Hemodynamic forces, such as fluid shear stress, are the primary morphogenic cue that induces collateral remodeling after femoral artery ligation. ECs are responsible for sensing shear stress and, thus, are equipped with numerous mechanoreceptors capable of sensing and responding to changes in shear stress. Two such mechanoreceptors, integrins and a mechanosensory complex composed of EC-specific proteins platelet endothelial cell adhesion molecule-1, VE-cadherin, and vascular endothelial growth factor receptor-2, are required for activation of inflammation in response to flow and, thus, regulation of perfusion recovery in response to ischemic insult. We previously have shown that Shc binds to both integrins and the mechanosensory complex after the onset of flow 15 and mediates signaling from these mechanoreceptors. Here, we show that Shc is required for the EC response to changes in shear stress in vivo. Endothelial Shc relays signals from these mechanoreceptors into wholevessel responses, such as inflammation and arterial specification, both of which are critical for arteriogenesis and the recovery of blood flow to ischemic tissues after an occlusion ( Figure 4G ).
